A new, two-dimensional overtone mobility spectrometry (OMS-OMS) instrument is described for the analysis of complex peptide mixtures. OMS separations are based on the differences in mobilities of ions in the gas phase. The method utilizes multiple drift regions with modulated drift fields such that only ions with appropriate mobilities are transmitted to the detector. Here we describe a hybrid OMS-OMS combination that utilizes two independently operated OMS regions that are separated by an ion activation region. Mobility-selected ions from the first OMS region are exposed to energizing collisions and may undergo structural transitions before entering the second OMS region. This method generates additional peak capacity and allows for higher selectivity compared with the one-dimensional OMS method. We demonstrate the approach using a three-protein tryptic digest spiked with the peptide Substance P. The [M+3H] 3+ ion from Substance P can be completely isolated from other components in this complex mixture prior to introduction into the mass spectrometer.
Introduction R ecently we have described a new separation technique called overtone mobility spectrometry (OMS) that separates ions based on differences in their mobilities in the gas phase [1] [2] [3] [4] [5] . The mobility of an ion through a defined buffer gas is a fundamental property of the ion that is related to its shape, mass and charge and is the basis for the widely used technique known as ion mobility spectrometry (IMS) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, unlike conventional IMS that utilizes an electrostatic gate to introduce a packet of ions into a drift region, OMS uses multiple segmented drift regions with modulated drift fields to produce conditions that allow only ions with appropriate mobilities to pass through the instrument [1] [2] [3] [4] [5] . Therefore, the instrument acts as a mobility filter and can provide a continuous beam of mobility-selected ions. Upon scanning the applied drift field frequency, a peak corresponding to the expected resonance time of the ions in one drift segment is observed, as well as a series of peaks at higher frequencies that correspond to overtones of the resonant frequency [1] [2] [3] . The measured resolving power is observed to increase with increasing overtone numbers, such that it is possible to resolve structures at higher overtones that are not resolved in the fundamental frequency region. The technique is highly complementary to mass spectrometry (MS) as a means of producing structural information because it provides information about the ion's collision cross section. Because the approach is a filter that can be used to produce a continuous stream of ions, analogies can be drawn with quadrupole mass filters.
In the present work, we describe an OMS-OMS technique. A beam of mobility-selected ions is transmitted through an initial OMS region. These ions are exposed to energizing collisions with the buffer gas to induce structural transitions and the new structures are filtered again in a second OMS region. This allows individual components of a complex mixture to be isolated prior to MS analysis. Using this twodimensional approach it is possible to create what is effectively a continuous beam of a narrow distribution of mobility selected ions from a complex mixture.
Two-dimensional IMS-IMS techniques were introduced several years ago [21] [22] [23] . In IMS-IMS a pulse of ions is introduced into the first drift tube for mobility separation. At the end of the first drift tube ions with similar mobilities are selected and subjected to energizing collisions in order to introduce structural changes. The new structures are then separated in the second drift tube. This IMS-IMS approach has resulted in a total peak capacity prior to MS analysis in excess of 1000 [23] . Using a validated theoretical expression for the resolving power of OMS separations [2, 5] , it is estimated that the OMS-OMS peak capacity exceeds 500.
The high resolution capabilities are demonstrated by the complete isolation of a single peptide within a sample mixture generated by tryptic digestion of three separate proteins. Finally, the OMS-OMS experiments where precursor ions are isolated and collisionally activated followed by isolation of product ions are analogous to selected reaction monitoring (SRM) [24] experiments performed on triple quadrupole instruments.
Experimental

General
Theoretical aspects of IMS separations as well as instrumentation and methods have been described in detail previously [6, 7, 9, 10, 15, [18] [19] [20] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . The instrument used in this study is a modified version of existing IMS-MS instruments described previously [21, 43, 44] . The electrospray ionization (ESI) source and all the components that come after the OMS regions are unchanged. The OMS device is obtained simply by reconfiguring our existing linear IMS instrument. Thorough descriptions of considerations associated with OMS operation are provided elsewhere [1] [2] [3] [4] [5] . Only a brief discussion relevant to OMS-OMS instrumentation is given here. Figure 1A shows a schematic diagram of the OMS-OMS instrument used in these studies. Ions are produced using a home-built ESI source and are continuously focused through an hour-glass ion funnel (F1) [38] interface into a short (7.5 cm) linear drift tube that is connected to the segmented drift region. The linear drift tube allows introduction of a continuous ion beam into the segmented drift tube region. The first segmented region (OMS1) is 58.4 cm long and consists of 10 segments (5.84 cm long each). OMS1 is operated using a four-phase wave driver [2] and the drift field is maintained at 10 V•cm -1 . The four-phase wave driver providing the voltage setting for the drift tube is built inhouse and the input pulse to the wave driver is provided by a four-channel digital pulse generator (model DG535; Stanford Research Systems, Inc., Sunnyvale, CA, USA). This wave driver generates four drift field application settings that are sequentially switched at a given frequency to move the ions through the drift tube [1, 3] . Ions with an appropriate mobility enter the second segmented drift tube through an ion funnel (F2) [45, 46] . The second OMS region is comprised of 11 segments and is 64.2 cm long. The OMS2 region is operated using a three-phase wave driver. The electric field is maintained at 9 V•cm -1 . The three-and four-phase wave drivers are connected to frequency generators built in-house that can be fixed at a specific frequency to transmit a specific ion, or swept over a range of frequencies to produce an OMS spectrum. The choice of wave driver used to drive ions through the OMS2 is arbitrary; a four-phase system has been used because of its ready availability. That said, any combination of different phases can be used in a twodimensional OMS experiment. It is interesting that the pattern of overtone peaks is phase dependent as described previously [2] . Therefore, to some extent, the frequency range can be tuned by choice of wave driver phase. Ions that exit the OMS2 region are focused into the source region of a reflectron geometry time-of-flight (TOF) mass spectrometer for mass analysis as described previously.
Nomenclature Associated with OMS-MS and OMS-OMS-MS Data Sets
We have described a nomenclature for IMS-IMS-MS data sets [21] that is analogous to one used for MS-MS data [47] . We extend it here for OMS-OMS-MS datasets. First, the position of peaks in these data can be described by values of field application frequency (flight time) [or f(t F )] similar to the IMS-MS nomenclature introduced previously [33] . Flight times in the mass spectrometer are usually converted to mass-to-charge (m/z) values by using a standard multipoint calibration. In addition to the primary peak (designated as the fundamental frequency or f f ) in the frequency spectrum, there are other peaks that appear at higher frequencies (overtone peaks). It is important to designate the overtone frequency (or fundamental level) as a multiple of the fundamental frequency when reporting a given peak. With that information, the final nomenclature can be given as follows; harmonic number (or overtone number+1) [2] multiplied by f f . For example the peak position for the Substance P [M + 3H] 3+ ion at the fundamental frequency range and another peak for the same ion at the fifth harmonic range, would be given as f f (m/z), 2675(450.20) and 5f f (m/z), 13224(450.20) , respectively. Figure 1B shows the basic symbolism and nomenclature used for describing the operational modes for this method. For OMS data, a closed triangle (▲) denotes a fixed ( 
Sample Preparation
Horse myoglobin (≥95% purity), human hemoglobin (≥90% purity), horse cytochrome c (≥95% purity), and Substance P (≥95% purity) were purchased from Sigma (Sigma Chemical, St. Louis, MO, USA) and used without further purification. Enzymatic digestion is carried out for each protein separately and tryptic peptide mixtures are obtained as follows. Myoglobin, hemoglobin, and cytochrome c were initially dissolved in 6 M urea buffer and the sample is diluted to 2 M urea using 0.2 M Tris buffer (pH=8.0, 10 mM CaCl 2 ) before trypsin digestion. Tryptic peptides are generated by adding TPCK-treated trypsin (2% enzyme by mass to that of the protein) and incubating the solution at 37°C for 24 h. Finally, the mixture of peptides is desalted using Oasis hydrophilic-lipophilic balanced (HLB) cartridges (Waters Inc., Milford, MA, USA) and dried on a centrifugal concentrator (Labconco Corporation, Kansas City, MO, USA). Dried peptides (5.0×10 -2 g) are resuspended in 1.0 mL of water: acetonitrile:formic acid solution (49%:49%:2% by volume). Substance P is added to the sample (4×10 -6 M) and the mixture is infused through a pulled-tip capillary using a syringe pump (KD Scientific Inc., Holliston, MA, USA) at a flow rate of 300 nL·min -
1
. The tip is biased at~+2000 V relative to the entrance aperture of the instrument to produce electrosprayed droplets.
Ion Funnel and Ion Activation Region
The F2 ion funnel is comprised of 22 Figure 1 . Schematic diagram of the two-dimensional OMS instrument used in this study (A) and the symbolism and the nomenclature used to describe the different modes of operation for this instrument, including a glossary of symbols (B). Here, an ESI source introduces electrosprayed ions into the first OMS region through an hour-glass ion funnel (F1). The OMS1 region is operated using a four-phase wave driver and the second OMS region is operated using a three-phase wave driver. A reflectron geometry timeof-flight mass spectrometer (TOFMS) is used for mass analysis. The mobility selected ions from the OMS1 region are introduced into the OMS2 region through a conventional ion funnel (F2) with an ion activation (IA) region at the end of the funnel. OMS-OMS and OMS-OMS-MS data can be recorded using the on-axis detector and the TOF MS analyzer, respectively. Ion activation is denoted as collisional activation (CA) or collision-induced dissociation (CID) USA). The rf field is applied between lenses 2 to 17. The 17th lens contains the smallest aperture (0.56 cm). The region between lenses 18 and 19 is used as the ion activation region. The funnel lenses are separated by 0.18 cm thick Teflon spacers and the total length of the funnel is 5.74 cm. The funnel is operated using rf fields of 50-70 V p-p at 450 kHz and a 10 V•cm -1 DC field. The ions entering the funnel can be either allowed to pass through unaffected or subjected to energizing collisions at the exit of the funnel to induce structural changes. The activation region is operated at approximately 17 V•cm -1 to pass the precursor ions while the activation field is increased (9500 V•cm -1 ) to induce structural changes. For the present experiments the field application frequency for the OMS2 is scanned from 500 Hz to~36000 Hz in 100 Hz steps to obtain an OMS spectrum. However, the field application frequency for the OMS2 can also be held at specific frequencies to study selected ions. The fundamental and overtone frequencies for any ion of interest with a known mobility can be calculated from f f ¼ KE=d. Here, K is the mobility of the ion, E is the electric field, and d is the length of one drift segment (5.84 cm) [1, 2] . The drift tube is filled with He buffer gas at 2.25 Torr pressure and the temperature was maintained at~298 K.
Results and Discussion
OMS Analysis of a Three-Protein Tryptic Peptide
Mixture that is Doped with Substance P Figure 2C shows the nested two-dimensional frequency (m/z) plot for the three-protein tryptic digest doped with Substance P. Here, both OMS1 and OMS2 regions and the F2 funnel are operated as one unit (
). This analysis is carried out by operating the instrument using a four-phase wave driver. Therefore, peaks at the f f , 5f f , and 9f f frequency ranges and smaller features in the 3f f range are expected [1, 2, 5] . For this experiment the field application frequency has been scanned from 1000 Hz to 35000 Hz. The frequency step increments between 1000 and 5000 Hz and 5000 and 35000 Hz are 50 and 100 Hz, respectively. The OMS distributions presented here are obtained from 2D OMS-MS
Intensity (arbitrary units) field application frequency (Hz) . Panel (C) shows a nested two-dimensional frequency (m/z) plot obtained upon electrospraying a threeprotein (hemoglobin, myoglobin and cytochrome c) tryptic digest with doped Substance P peptide at a concentration ratio of 10:1, respectively. Here, the instrument is operated using a four-phase wave driver. For this analysis, the OMS1, F2, and OMS2 regions are operated as a single unit. The frequency step increments between 1000 and 5000 Hz and 5000 and 35,000 Hz are 50 Hz and 100 Hz, respectively. The OMS spectra (B) and the mass spectra (A) are obtained for the same sample. The bottom OMS spectrum, bottom trace in (B) is obtained by summing the signal at all m/z values, and the top OMS spectrum given in (B) corresponds to the [M+ 3H] 3+ ion from Substance P (see text for details). The bottom mass spectrum (A) is obtained by integrating the signal across the whole frequency range. The mass spectra labeled f f , 5f f , and 9f f in (A) are obtained by taking slices through the centers of the f f , 5f f ,and 9f f peaks for the [M+3H] 3+ ion from Substance P, respectively b datasets by integrating the ion signal across a given m/z range for specific frequency settings. Discussion of OMS and OMS-OMS measurements hereafter refers to this type of treatment; however, it is noted that OMS distributions can be obtained in the absence of MS analysis using the on-axis detector on the instrument ( Figure 1A) .
The data in Figure 2C show the different frequency ranges over which the fundamental and overtone peaks are observed. In the f f range the average full-width-at-halfmaxima (FWHM) value is~500 Hz and the peaks are distributed over~5000 Hz. Therefore, the calculated peak capacity is~10. For the 5f f overtone level, peaks are observed from 7200 to 17200 Hz-a range of~10000 Hz. Typically, peak widths are approximately 450 Hz such that the peak capacity for the 5f f overtone range is~22. For the 9f f overtone level, peak widths are approximately 470 Hz and peaks are observed from 11300 to 29900 Hz, such that the peak capacity is 40. As observed previously [1] [2] [3] 5] , relative intensities for peaks decrease with increasing frequency. Figure 2B also shows a comparison of the OMS spectrum for the entire sample and that for the triply-charged Substance P ion designated hereafter as the [
3+ peak obtained by extracting data over a narrow m/z range (450.20±0.14). The most intense features for both spectra are those observed in the f f region. The f f peak is broader for the mixture distribution than for the [R 1 -M 11 + 3H] 3+ ion distribution. This is explained upon examination of the 2D plot ( Figure 2C ) by the frequency dependence on m/z for different species in the mixture. That is, species of lower m/z are observed at lower frequencies while species of higher m/z are observed at higher frequencies in the f f region. At higher frequencies (~5000 to 30000 Hz) peaks are observed nearly across the frequency range of the OMS distribution for the mixture spectrum. For the [R 1 -M 11 + 3H] 3+ ion, distribution peak doublets are observed at several different frequency regions. These regions correspond to the 3f f , 5f f , and 9f f regions where the dominant peaks of the doublet are observed at 7920, 13224, and 23855 Hz, with peak widths (FWHM) of 166, 463, and 428, respectively. Here we note that the doublet peaks observed in the different frequency regions for the [R 1 -M 11 + 3H] 3+ ion correspond to low-and high-mobility gas-phase conformations as observed previously. The relative peak intensities and resolving power dependence on OMS frequency region has been described in detail previously [5] .
The mass spectra obtained for different frequency regions are also compared in Figure 2A . The spectrum obtained by summing the signal across all frequency values shows the complexity of the sample; evidence for at least 96 peaks with intensities 91% (compared to the base peak) is observed. Mass spectra obtained by selecting a narrow range within a frequency region show considerably fewer peaks. For example, the mass spectrum obtained by taking a narrow slice at the center of the f f peak (2675 Hz) corresponding to the [R 1 -M 11 + 3H] 3+ ion shows the majority of peaks occurring from m/z=350 to 500. The most abundant peak in this spectrum has been assigned as 3+ ion. Although many of the higher m/z peaks are not observed in this spectrum, for a complex peptide mixture such as the one used in this experiment, ion selection at the f f range inadvertently selects many other ions with similar mobilities. This is due primarily to the low resolving power that is associated with the f f region [1] [2] [3] 5] . To increase the selectivity of the mobility filter, ions through OMS1 must be selected at higher overtone frequencies. This is demonstrated by the mass spectra obtained at the 5f f and 9f f overtone ranges. The 5f f selection has been obtained at 13224 Hz while the 9f f selection is obtained at 23855 Hz. Here, the mass spectrum obtained at the 5f f range shows 3 major peaks corresponding to the [A 40 , are selected from the overlapping 13f f range. A complete list of observed peaks is given in Table 1 including the position (5f f region) and the FWHM values for each dataset feature.
Separation of Peptides with Similar m/z Values
We have previously demonstrated that OMS can separate isobaric ions if they possess structural differences [1] . This capability has been demonstrated by separating the isobaric carbohydrates, melezitose, and raffinose. Here, we show the separation of the isobaric peptides [H 124 -K 137 + 3H] 3+ (m/z=460.285) and [E 122 -K 133 + 3H] 3+ (m/z=460.238) from myoglobin and hemoglobin beta chain, respectively. To resolve the monoisotopic peaks from these two peptides a mass spectrometer with a resolving power of 9700 is needed. The mass spectrometer used in this study has a resolving power of~3500 to 5000 and, therefore, it cannot distinguish these ions from a mixture. Figure 3B shows a select region from the nested two-dimensional frequency(m/z) plot ( Figure 2C ). The mass-selected OMS distribution ( Figure 3A) shows incomplete resolution of these two ions in the f f region. However, the distribution shows two features in the 3f f , 5f f , and 9f f regions. 3+ ion are 161, 348, and 377 Hz, respectively. The peak resolution values for the two ions at the 3f f , 5f f , and 9f f regions are 1.62, 1.30, and 2.45, respectively. The identities of these peaks are confirmed by electrospraying tryptic digests of the two proteins separately.
Two-dimensional OMS: Selection, Activation, and Detection of the Substance P Peptide Ion
Although the resolving power of OMS at higher overtone regions is considerably high (i.e., comparable to IMS), it is still not sufficient to completely isolate a given precursor ion from other mixture ions prior to MS analysis. For example, even though the two ions mentioned earlier are separated from each other, there are many other ions that overlap with these two ions in the frequency space. This is determined by obtaining mass spectral slices at the centers (frequency dimension) of the two peaks. Therefore, it is rather difficult to carry out collision-induced dissociation (CID) of mobility isolated ions for such complex samples with this technique. Similar to recently developed IMS-IMS techniques [21] [22] [23] , a two-dimensional OMS technique (OMS-OMS) could improve the overall peak capacity of the separation and thereby reduce the overlap problem for OMS-CID/MS analysis. The foundational, tandem-IMS method is based on the fact that the gas phase structures of biomolecules can be changed by CA. Here, ions are selected after the OMS1 drift tube using an ion gate and subjected to CA before entering the OMS2 drift region. Under favorable conditions, the activated ions Frequency for the 5f f overtone peak (center) for all ions are given in the units of Hz, and the frequency values reported here are for non-activated species. The full width at half maximum (FWHM) values for the 5f f overtone peaks are given in the units of Hz.
possess significantly different collision cross sections and thereby get separated from other ions with similar initial structures. Also, under these conditions, different ions experience a wide range of conformational change resulting in a considerable increase in separation capacity for complex mixtures. The same basic principle can be applied to OMS due to the fact that the ion separation in OMS is also based on differences in the collision cross sections (or mobilities) of the gas phase ions. Figures 4B and 4C show the two-dimensional frequency (m/z) plots for a tryptic digest sample containing the Substance P peptide before and after, respectively, employing CA. The data shown in Figure 4 is obtained by Intensity (arbitrary units)
(A2) collisional activation operating the instrument in the OMS-OMS-MS mode. Here, the OMS1 drift tube is operated at 2675 Hz (using a four-phase wave driver) to select the [R 1 -
ion. At this field application frequency, one major ion ([R 1 -M 11 + 3H] 3+ ) and four other unidentified ions (m/z 352.09, 455.58, 469.27, and 542.24) with peak intensities ranging between 1% to 8% of the base peak height are stable through the OMS1 region. The selected ions then enter the OMS2 region through the F2 ion funnel ( Figure 1A) . The OMS2 drift tube is operated using a three-phase wave driver and therefore the observation of the 4f f , 7f f , and 10f f etc. peaks in the OMS spectrum is expected. This spectrum is obtained by scanning the field application frequency from 500 Hz to approximately 36000 Hz in 100 Hz steps. In this experiment, the precursor ion selected by the OMS1 region and transmitted to the OMS2 region does not undergo CA ( ). The OMS distribution for the [R 1 -M 11 + 3H] 3+ ion shows two distinct peaks for all the overtone levels ( Figure 4A2 ). This is due to the fact that under these field conditions in the IA region (17 V•cm -1 corresponding to no activation), both extended and compact conformations for the [R 1 -M 11 + 3H] 3+ ion are stable in the drift tube. The peak centers for the extended conformation at the 4f f , 7f f , 10f f , and 13f f frequency regions are 7883, 13724, 19616, and 25531 Hz, respectively. The peak centers for the compact conformation at the first three regions (4f f , 7f f , and 10f f ) are 9296, 16431, and 23665 Hz, respectively. Note that the extended conformation occurs at a lower frequency compared to the compact structure due to the inverse relationship between the drift time and the frequency. The peak resolution in the 4f f , 7f f , and 10f f regions for the two conformations is 1.12, 2.23, and 3.26, respectively. When the activation field is increased to 9500 V•cm -1 , all ions exhibiting compact conformations are converted to the extended structure ( Figure  4A1 ). Here, in addition to the ions observed in the low activation energy experiment, two other peaks are observed in the mass spectrum that correspond to [R 1 -M 11 +3H -NH 3 ]
3+ and [R 1 -M 11 + 2H] 2+ ions. These results suggest that the ion activation can shift dataset features in the frequency space and thereby provide additional separation capacity in OMS-OMS-MS experiments of the form .
Substance P Peptide Ion Selection at the f f Range
The OMS-OMS experiment described above has been carried out using a complex three-protein tryptic digest spiked with the Substance P peptide. Separations for this system are investigated because it provides a fairly complex mixture with a standard peptide whose peak positions for nonactivated and activated species are known. Figure 5C shows a nested two-dimensional frequency (m/z) plot for this sample. Here, the [R 1 -M 11 + 3H] 3+ ion is selected in the OMS1 drift tube by applying a constant frequency (2675 Hz) and subjected to CA before entering the second OMS region by applying a 500 V•cm -1 field at the end of F2 ( ). The total mass spectrum (bottom spectrum in Figure 5A ) obtained at this frequency shows two major peaks corresponding to the [T 28 -R 38 + 3H] 3+ ion from cytochrome c and the [R 1 -M 11 + 3H] 3+ ion. Also, at least eight other peaks are observed with much lower intensities. The OMS spectrum obtained by summing the signal across all m/z values is given in Figure 5B (bottom trace). This OMS spectrum shows two major peaks at each overtone range that correspond to the two major ions identified in the mass spectrum as well as low intensity peaks that are due to other ions of lower intensity. In contrast, the top distribution in Figure 5B shows the OMS spectrum obtained by extracting data over a narrow m/z range (450.20±0.14). Here we note that such an extracted ion OMS distribution serves several purposes including the ability to distinguish peaks in the total OMS spectrum as well as for comparison to the OMS spectrum obtained for the standard peptide.
Although the total mass spectrum showed two major peaks in addition to several low intensity peaks, the mass spectral slices obtained at different overtone regions show that the [R 1 -M 11 + 3H] 3+ ion is the only major peak ( Figure 5A ). The two minor peaks observed in most of these mass spectra correspond to the [H 124 -K 137 + 3H] 3+ ion from myoglobin and the [R 1 -M 11 + 3H-NH 3 ] 3+ ion. At lower m/z values, the two additional ions observed in the mass spectrum obtained at the 13f f region result from overlap of ions from the 10f f region. The plots in Figure 5 demonstrate the selection of a single ion from a complex mixture prior to MS analysis using the OMS-OMS technique.
Substance P Peptide Ion Selection at the 13f f Overtone Frequency Range
The selection of ions in both OMS regions can be carried out at any one of the overtone frequency ranges. At higher overtone levels, the resolving power is higher and, therefore, the selectivity is also higher. The example above shows the resolution that is achieved with the use of ion selection at the f f region. Here we demonstrate improved selectivity with the use of higher frequency selections. Figure 6C shows the nested two-dimensional frequency (m/z) plot for the [R 1 -M 11 + 3H] 3+ ion selection at the 13f f overtone level (33800 Hz) in OMS1. Here we note that the frequency that is used to select this ion is not the center of the peak in the OMS distribution; rather the selection is slightly to the left side of the peak. The choice of the selection frequency is carefully determined to reduce the selection of the [T 28 -R 38 + 3H]
3+ ion. Figure 6 shows the dramatic reduction in the number of peaks observed in the 2D plot. The total mass spectrum shows one major peak and two other minor peaks (bottom trace in Figure 6A) +3H] 3+ ion. The total OMS spectrum and the OMS spectrum obtained at m/z=450.20±0.14 ( Figure 6B ) also shows the improved selectivity gained by selecting at a higher overtone range in OMS1. Using this technique, it is possible to completely isolate a single ion from a complex peptide mixture as shown in the mass spectra obtained at the f f and other overtone regions ( Figure 6A ).
Estimating the Peak Capacity for OMS-OMS Measurements
The peak capacities for the different OMS spectral regions have been estimated above. Values of~10, 22, and 40 are obtained for the f f , 5f f , and 10f f regions, respectively. These values are very similar to the average OMS resolving power (R OMS ) of each region (~5, 27, and 42, respectively). Using values obtained from the theoretical expression of R OMS [2, 5] , it is possible to estimate the peak capacity for the isolation shown in Figure 6 . For the purposes of determining an upper limit for these experiments, a process that includes selection at the 13f f and 16f f overtone regions for OMS1 and OMS2 selections, respectively, is employed. Calculated values of R OMS for these frequency regions are 48 and 68, respectively. Considering the fact that collisional activation of peptide ions results in changes in collision cross section that are on the order of~±10% (on the high end) an upper end estimate of the OMS-OMS peak capacity for this isolation experiment would be 653. A note of caution should be provided with this estimate because, as shown above, overlap of ions from flanking frequency regions can decrease the overall peak capacity. That said, assuming nearly 25% overlap of the 13f f region with peaks from the 9f f and the 17f f regions, the OMS-OMS peak capacity would still be~500. The best indication of the high peak capacity afforded by the new instrument is the near complete isolation of Substance P peptide ion even employing only the 4f f selection in the OMS2 region as shown in Figure 6A . Figure 5 . Panel (C) shows a nested two-dimensional frequency (m/z) plot obtained upon electrospraying a threeprotein tryptic digest with spiked Substance P peptide. Here, the OMS1 region is operated using a four-phase wave driver and the frequency is fixed at 2675 Hz to select the [M + 3H] 3+ ion of Substance P (fundamental peak). The selected ion is activated at the back of the F2 ion funnel before entering the OMS2 region. The OMS2 region is operated using a threephase wave driver and the frequency is scanned from 500 to~36000 Hz to obtain the OMS spectrum. The dotted lines correspond to the peak centers for the f f and other overtone peaks for the [M + 3H] 3+ ion of Substance P. The OMS spectra (B) and the mass spectra (A) obtained for the same sample are also given. The bottom OMS spectrum (B) is the total spectrum obtained by summing the signal for all m/z values, and the top spectrum, upper trace in (B) corresponds to the [M + 3H] 3+ ion of Substance P. The bottom mass spectrum (A) is obtained by integrating the signal across the whole frequency range. The mass spectra labeled f f , 4f f , 7f f , 10f f , 13f f , and 16f f (A) are obtained by taking slices through the centers of the f f , 4f f , 7f f , 10f f , 13f f , and 16f f frequency peaks, for the [M + 3H] 3+ ion of Substance P, respectively
It is instructive to consider methods to improve the overall peak capacity. Because R OMS scales directly with frequency [1] [2] [3] 5] , operation of OMS1 and/or OMS2 at higher overtone regions should substantially improve the peak capacity. Previously a R OMS value of 220 has been reported for measurements performed with a linear OMS device operating at the 33f f region [3] . That said, improvements in peak capacity come at a cost to sensitivity resulting from lower ion transmission at higher frequencies (e.g., see Figure 2B ) [1, 2, 5] .
The Versatility of the OMS-OMS Approach
As described above, the OMS-OMS measurement can be carried out at moderately low pressures. Because the separation is based on ion mobilities, this approach can be extended to any pressure regime that can be employed for IMS separations. Thus, such measurements can be carried out at higher pressures allowing the use of higher fields in the drift tubes. This would serve to increase the overall R OMS [2, 5] . Additionally, the high resolution approach can be used with and without MS detection. That is, depending on the complexity of the mixture sample, the high resolution afforded by OMS-OMS devices that are not coupled to MS may be sufficient to identify specific sample components. Finally, ion activation resulting in precursor fragmentation can be employed. Here, mobility isolation of precursor ions can be coupled with the isolation of fragments according to their mobilities. Such an approach provides another means for improving the selectivity of the analysis. Thus, different OMS-OMS strategies can be tailored to the sample separation requirements.
estimated that significant peak capacity (comparable to IMS-IMS techniques) can be obtained with the OMS-OMS approach. The improved ion selection realized by OMS-OMS serves as a complement for MS analyses. Additionally, the ability to utilize conformational transformations as well as ion fragmentation provides increased flexibility for identifying sample components. Although here we have demonstrated the utility of OMS-OMS methods for peptide analysis, it should be relatively straightforward to extend it to the analysis of other biomolecules such as carbohydrates, polymers, and lipids. A unique feature of this method over conventional IMS is the ability to select the overtone level to suit the experiment. That is, the selection process and the associated peak capacity are more tunable to the desired experiment.
